INTRODUCTION
Loihi Seamount is the southernmost of the Hawaiian shield volcanoes (Fig. 1 ) and is the most recent volcano produced by the Hawaiian hotspot (Moore et al., 1982) . Dredging of Loihi recovered a wide range of rock types including tholeiites, alkalic basalts and basanitoids (Moore et al., 1982) . The discovery of alkalic lavas on this immature volcano required a modification of the previously accepted model for the evolution of Hawaiian volcanoes (see Macdonald, 1968) . Subsequent models have related rock-type variation within Hawaiian volcanoes to the degree of partial melting in the source. Alkalic magmas are produced during the preshield stage as the Pacific plate drifts towards the hotspot and during post-shield volcanism as it migrates away from it. Tholeiitic magmas are produced by higher degrees of partial melting during the shield-building stage, when the volcano is centered over the hotspot (Frey & Clague, 1983; Clague, 1987) .
Detailed studies of stratigraphically controlled lava sequences from the post-shield stage are consistent with this simple melting model (e.g. Chen et al., 1991) , but before this investigation no equivalent study had been done on the preshield stage. Previous efforts to document rocktype variation for Loihi preshield lavas include that of Moore et al. (1982) , who used the thickness of palagonite rims on dredged lavas to infer the relative age of Loihi rock types. They found that the alkalic lavas generally have thicker palagonite rinds than did the tholeiitic lavas, although there is broad overlap (1-12 ym vs 0-5-4 fim). Palagonite rim growth rates are affected by many factors, including glass vesicularity and composition, all of which vary strongly among Loihi lavas (Moore et al., 1982; Hawkins & Melchior, 1983) . Garcia et al. (1993) collected three stratigraphically controlled sections of lavas from the two ~350 m deep summit pit craters of Loihi and found that tholeiites dominated these sections with only a few alkalic lavas at the base of one section and near the top of another. Thus, the relative age of Loihi's tholeiitic vs alkalic lavas was not well known before this study, although they appeared to be coeval. To improve our understanding of Loihi's geochemical and isotopic evolution and to evaluate melting models for Hawaiian volcanoes, we collected stratigraphically controlled lava sequences from the deeply dissected east flank of Loihi using the Pisces V submersible (2000-m dive limit). Careful attention was paid to collecting in situ pillow lavas. The depth of a sample was used to infer its relative age except when field observations indicated that the flow was steeply dipping (>60°) and formed an obvious angular unconformity with other lavas. Our new composite section, which includes stratigraphically controlled lavas from the summit of Loihi , is ~680 m thick. It represents ~20% of Loihi's maximum thickness, based on our structural model for the volcano (Fig. 2 ), but may represent 40% of the volcano's extrusive history. This section contains a wide range of rock types (tholeiitic to basanitoid; weakly quartz normative to 15% nepheline normative) with alkalic rocks dominating the lower part of the section (>90%), and tholeiites the upper part of the section (>85%).
Ratios of Pb, Sr and Nd isotopes, and of highly incompatible trace elements for these diverse rock types overlap, indicating that they were derived from similar but somewhat heterogeneous sources. Geochemical modeling indicates that magmas parental to the tholeiitic and weakly alkalic lavas could result from varying degrees of melting of a common source (e.g. 6-10%). Geochemical variations in the east flank sequence reveal that the percentage of partial melting has increased progressively upsection. The increase in the degree of partial melting probably is related to the drift of the volcano towards the *focus of the Hawaiian hotspot. Our results support the basic melting model for geochemical evolution of the preshield stage of Hawaiian volcanism.
GEOLOGICAL SETTING AND SAMPLING
Loihi Seamount's elongate appearance is the result of two prominent, subparallel rift zones, a 22 km long south rift zone and a bifurcated, ~ 10 km long north rift zone, which are connected to a small (12 km 2 ) summit platform [the region above the slope break at 1200 m below sea-level (mbsl) that includes prominent cones and pit craters; Fig. 1 ]. The average slope of the volcano in areas unaffected by mass wastage, from the summit to 2000 mbsl, is 14°. Along the rift zone axes, the slopes are more gradual (~10°). The volcano's east flank is much steeper (~ 35-40°) and includes sections that are vertical to overhanging. These steep slopes are the result of mass wasting (Malahoff, 1987) , which has exposed a dike complex that intrudes pillow lavas.
The east flank of Loihi between 2000 and 1400 mbsl is dominated by walls of vertical to subvertical dikes (estimated dips of 65-90°) with intervening sections of pillow lavas partially covered by talus based on our observations from the Pisces V submersible. The dikes range in width from 20 cm to 1*5 m and are parallel to subparallel, trending approximately N10°W-N10°E, though some (<10%) dikes strike obliquely to this trend. Pillow lavas dominate the outcrops above 1400 m and the frequency of dike exposures decreases upsection, which probably corresponds to a decrease in the depth of exposure of the volcano's interior. There is a marked decrease in slope angle above 1200 mbsl (to < 15°) and no dikes are exposed above this depth.
Thirty-four samples were collected during three dives on the east flank of Loihi between 1080 and 2000 mbsl. The samples were collected from outcrops using the mechanical arm of the Pisces V submersible. All but three of the samples contain glass. Two samples are from dikes and another is from a hyaloclastite deposit at 1160 mbsl. The composite east flank section for these three dives is ~680 m thick based on the regional depositional slope above 2000 mbsl of ~14°. The pillow lavas in the lower part of this section probably are much older than lavas exposed in the sections sampled from the two summit pit craters (~350 m section; because the summit area has been the VOLUME .IS NUMBER K DECEMBER ms:.
primary site of recent volcanic activity on Loihi (Fornari et al., 1988 ). Loihi's east flank section is one of the thickest sections sampled from the surface of a Hawaiian volcano (compare with ~490 m on East Molokai; Beeson, 1976) . In the absence of radiometric ages, the minimum age of the east flank section can be estimated using lava accumulation rates from other Hawaiian volcanoes. Kilauea's Hilina Pali section is a good choice for comparison because, like Loihi's east flank section, it is adjacent to the volcano's summit. The ~300 m Hilina section formed over 80-90 k.y. (Easton, 1987) , so the age of Loihi's east flank section could be at least 180 ka, given the lower eruption rate for Loihi compared with Kilauea . This age estimate probably is too old because submarine Hawaiian flows are likely to be thicker than subaerial Hawaiian flows (2-4 m for the Hilina Pali; Easton, 1987) because of their rapid quenching (Mark & Moore, 1987) . Therefore, our best guess for the age of the east flank section is 100-150 ka.
The east flank section probably represents ~20% of the total maximum thickness of Loihi based on our cross-section of the volcano. We constructed this section by projecting the regional slope of Mauna Loa and Kilauea under Loihi ( Fig. 2) with an adjustment for ~0-l m/yr of southward movement of the south flank of Kilauea (J. G. Moore, personal communication, 1994) . This procedure produces a minimum thickness estimate for Loihi because the flanks of Mauna Loa and Kilauea have continued to grow since Loihi started to form. However, Loihi is a considerable distance from the main vent systems of these adjacent volcanoes and the south flank of Mauna Loa is now subsiding faster than it is growing (Moore et al., 1990) . Thus, only infrequent lava flows from sustained eruptions or detritus from coastal volcanic activity (such as the current eruption of Kilauea; Mattox et al., 1993) are likely to reach the Loihi area. Our reconstruction yields a thickness of ~3-2 km under Loihi's summit but this figure must be adjusted for subsidence. Moore (1987) estimated that the oceanic crust has subsided 1 km in the Loihi area. Beneath Loihi, the section overlying the old oceanic crust probably consists of 50% pre-Loihi Hawaiian rocks, based on our cross-section (Fig. 2) . Because these rocks probably are considerably older than Loihi , most of the subsidence in this area (~75%) might have been accommodated by these older lavas. Therefore, the thickness of Loihi is ~3-5 km (Fig.  2) . The only other published estimate for the total thickness of Loihi is a cross-section by Clague (1988) , which suggests Loihi is 5-6 km thick. The section lumped the older Hawaiian lavas with those from Loihi.
The east flank section must have accumulated over more than 20% of the volcano's lifetime because intrusions are a major component in the growth of Hawaiian shield volcanoes. For example, Kilauea Volcano has erupted only about a third of the magma supplied to -it during a 30-year monitoring period (Dzurisin et al., 1984) . In the deeply dissected Koolau Volcano on the island of Oahu, dike intrusions constitute 50-65 vol.% of the dike complex (Walker, 1986) . Thus, the east flank section, which was collected from a dike complex in the thickest part of the volcano, may represent 40% of Loihi's eruptive history, assuming intrusions coeval with these lavas form an equal thickness.
We estimated the total volume of Loihi using 'Grid-contour', a modeling program designed to produce detailed three-dimensional projections and images using high-resolution bathymetric data (Wessel & Smith, 1995) . We used the new detailed bathymetric data set for the south flank of the island of Hawaii (Chadwick et al., 1993 (Chadwick et al., , 1994 ). Loihi's volume was calculated in a four-step process. First, the entire basal area of the volcano was delineated, defining a polygonal surface. Next, Loihi's bathymetric contours were removed from the regional bathymetry and the contours of the southern slope of Mauna Loa and Kilauea were reconnected between 2000 and 5100 mbsl, producing a smooth Mauna Loa-Kilauea surface (the same procedure was used for the cross-section, Fig. 2 ). Undoubtedly, there has been some interfingering of lavas from the three volcanoes. We have assumed that this effect is minor in our Loihi volume estimate because the relative growth rate of these two volcanoes in the Loihi area was probably comparable and low (this area is distant from the main vent areas for Mauna Loa and Kilauea). The volume of Loihi was calculated as the difference between regional bathymetry and the reconstructed sloping south flank of the island. This volume is ~665 km . An additional 'hidden' volume owing to 250 m of subsidence of Loihi (as estimated above) was added, yielding a total volume of ~ 715 km 3 . This volume estimate is the most accurate of any that has been made for a Hawaiian volcano. It makes Loihi one of the smallest of the Hawaiian volcanoes (the smallest is an unnamed seamount near Colahan Seamount, near the bend in the Hawaiian-Emperor chain; Bargar & Jackson, 1974) . Mahukona, the next smallest volcano among the Hawaiian Islands , is four times larger than Loihi (3360 km 3 ). Of course, unlike those volcanoes, Loihi is still growing.
PETROGRAPHY
Loihi lavas are remarkably fresh, although a few lavas (e.g. sample 187-3) have minor iddingsite rims on olivine and calcite lining of some vesicles. Unlike the dominantly porphyritic lavas described in some previous studies of Loihi lavas (Moore et al., 1982; Frey & Clague, 1983; Hawkins & Melchior, 1983) , most of the east flank lavas are aphyric (19 of 26 samples contain < 1 vol.% phenocrysts; see Table  1 ). Other east flank lavas are either weakly phyric (1-4 vol.% phenocrysts; three samples) or are strongly olivine-phyric (11-24 vol.%; four samples). The olivine-rich samples contain anhedral grains and multi-grain aggregates with kink bands or subgrain boundaries. These mechanically deformed grains may be from disaggregated dunitic xenoliths. In the other lavas, the olivine is euhedral and commonly contains glass and/or dark brown to opaque spinel inclusions. Olivine microphenocrysts (0-1-0-5 mm in length) are present in all but two of the samples studied (158-8 and 186-10; both are strongly differentiated alkalic lavas), but they are less common in the alkalic lavas than in the tholeiitic basalts.
Clinopyroxene rarely occurs as a phenocryst in the east flank Loihi lavas (only three samples, each with < 0-1 vol.%) but is present as a microphenocryst in most of the lavas (<0-1^4-4 vol.%). Sample 186-11, an olivine-rich lava, is unusual in that it contains rare, partly resorbed and strongly zoned clinopyroxene grains. Plagioclase phenocrysts are rare in the east flank rocks; none are present in glasses with MgO contents >6-0 wt%. However, most of the evolved alkalic basalts and basanitoids and all of the hawaiites contain small (0-1-0-2 mm) laths of weakly zoned plagioclase.
All of the samples contain opaque phases. Chromite is found in all of the rock types, generally as inclusions (<0-l mm) within olivines. Two samples (basanitoid 186-11 and alkalic basalt 186-5) contain large phenocrysts (9-12 mm) of Cr-spinel. Brown chromite is common in the olivine-rich lavas. Titaniferous magnetite occurs as microphenocrysts and/or as a groundmass phase in the more holocrystalline lavas.
The vesicularity of the east flank lavas varies greatly, as does the vesicularity within individual pillow fragments. For consistency, the vesicularity and modes for east flank lavas were measured 1-2 cm below the glassy rind of the pillow lava fragments. All rock types display a wide range in vesicularity (e.g. the tholeiitic basalts range from 4 to 33 vol.% and the basanitoids from 5 to 31 vol.%; Table   1 ). There is a general positive correlation, however, between the maximum vesicularity and total alkali content in these lavas, a relationship previously observed for other Loihi lavas (Byers et al., 1985) . The two strongly vesicular (~30 vol.%) tholeiitic lavas do not follow this trend.
ANALYTICAL METHODS
Fresh volcanic glass was used for most of the geochemical analyses reported here, to obtain compositions representative of magmatic liquids. The glass was carefully hand-picked with the aid of a binocular microscope. Only glass shards free of alteration and adhering minerals were selected for analysis, to minimize the effects of seawater contamination and mineral accumulation.
Mineral and glass major element analyses were made using a wavelength-dispersive, five-spectrometer, Cameca SX-50 electron microprobe at the University of Hawaii. Mineral analyses ( Table 2) are averages of at least three analyses/grain using a focused beam at 15 kV and 10-20 nA. The glass analyses (Table 1) are averages of 15-20 spot analyses per sample using a 15-20 fim beam diameter, 10 nA current, and 40-50 s counting time for the major elements and 80-90 s for the minor elements (K, Mn and P). Relative analytical precision is 1-2% for major elements and 5-10% for minor elements (i.e. < 1 wt%) based on repeated analyses of A99 and VG2 volcanic glass standards. Abundances of the rare earth elements (REE), Rb, Y, Nb, Cs, Ba, Hf, Ta, Pb, Th and U were determined by inductively coupled plasma mass spectrometry (ICP-MS; Table 3 ) at Washington State University. For each sample, 105-150 mg of glass was leached in distilled water, dissolved in HF-HNO3, converted to soluble chlorides with HC1, redissolved in HNO3 and analyzed using a Sciex Elan 250 ICP-MS. The procedures have been described by . Relative analytical precision (based on duplicate analysis of three samples from different rock types) is given in Table 3 .
Whole-rock, major and trace element compositions were determined on 13 samples (Table 4 ) using a Siemens X-ray fluorescence (XRF) spectrometer at the University of Hawaii. Hand-picked lava fragments free of alteration were repeatedly cleaned in distilled water in an ultrasonic bath, and then powdered for < 120 s in a tungsten-carbide shatterbox before analysis. The reported major element oxide compositions of Si, Al, Ti, Fe, Mg, Mn, P, Ca, Na and K were acquired following ignition of each sample at 800°C overnight, mixture with anhydrous LiBO 4 (LaO) flux, and fusion at 900°C, using the Depth is reported as meters below sea-level. Each node is based on 1000 points and is reported as vesicle-free volume percent Matrix, glassy matrix and crystalline material <0-1 mm in diameter; Ol, olivine phenocrysts (>0-5 mm); 01 n, olivine microphenocrysts (0-1-0-5 mm); Opaq, opaque minerals, Fe-, Ti-and Cr-oxides; Plag, plagioclase phenocrysts; Plag n, plagioclase microphenocrysts; Cpx, clinopyroxene phenocrysts; Cpx /J, clinopyroxene microphenocrysts; Ves, vesicles; E Phens, total volume percent of phenocrysts in each thin section.
•Hyaloclastite. T Total iron. 
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Grain size is in millimeters; grain type is listed as euhedral (E), subhedrsi (S) or kinked (K). Zone is core (C), near rim (NR) or rim (R). Mineral compositions used in crystal fractionation modeling are identified in the CF rows. 'Reverse zoning. procedures described by Norrish & Chappell (1977) . Trace element abundances (Nb, Zr, Y, Sr, Rb, Zn, Cu, Ni, Co, Cr, Sc and V) were determined by analyzing a pressed pellet of whole-rock powder using methods described by Norrish & Chappell (1977) . For the aphyric samples, the ICP-MS and XRF trace element analyses for Y, Rb and Nb, the only elements analyzed by both methods, are similar.
Isotopic measurements for Sr, Nd and Pb were made on eight samples at the University of Hawaii (Table 5 ). Thirty to 60 mg of glass was leached in acetone and 2 N HC1, followed by an ultrasonic bath in ultrapure water. Following digestion with HF-HNO3 and chemical separation, mass spectrometric analyses of Pb, Sr and Nd isotope ratios were performed using a VG Sector multi-collector instrument [for methods, see Mahoney et al. (1991) ]. Isotopic Todt et al. (1984) . Sr, Nd and Pb isotopic data are reported relative to our measured values for La Jolla Nd ( 143 Nd/ 144 Nd = 0-511855 ± 0000012 totel range), N BS 987 (^Sr/^Sr = 0-71025 ± 000002 total range). Withinrun uncertainties on Nd, Srand Pb isotopic ratios are less than total ranges measured on La Jolla Nd, and NBS 987 standards. For Pb isotopes, uncertainties are less than our total range for NBS 981 ( 208 Pb/ 204 Pb±0-012, Pb/^Pb ± 0012, ^Pb/^Pb ± 0038). Total procedural blanks are Pb = 30-50 pg, Nd < 20 pg, and Sr < 120 pg, which are negligible for the purposes of this study.
fractionation corrections, standard values, total procedural blank levels and experimental uncertainties are listed in Table 5 .
MINERAL ANALYSES Olivine
Six rocks that span the range of olivine phenocryst contents (<0-l to 24 vol.%) were selected for microprobe analyses. The cores and rims were analyzed to determine if any of the lavas were affected by magma mixing and whether the olivines were in equilibrium with the bulk composition or had accumulated in the rocks. The forsterite content for these olivines ranges from 813 to 900% (Table 2) , which is similar to (although slightly higher than) the ranges reported by Hawkins & Melchior (1983) and Clague (1988) for dredged Loihi lavas. The zoning in these olivines is normal except for a few crystals with lower forsterite content from two olivine-rich rocks, which have moderately (<2% Fo variation) reversed zoning near their rims (see Table 2 ). One sample, 187-8, has a bimodal population of euhedral, undeformed olivine (Fig. 3) ; the lower-forsterite crystals in this rock are skeletal, indicating that they grew during rapid cooling.
Clinopyroxene
Microprobe analyses were made of clinopyroxene Whole-rock mg-number . Fc 2+ is assumed to be 90% of the total iron. Vertical lines connect olivines from the same sample. Brackets connect the core and rim of the same grain. A, phenocryit corej; O, phenocryst rims; D, microphenocryjt cores; A, •, reversely zoned minerals. The equilibrium field is from Roeder & Emslie (1970) . The samples that plot within the equilibrium field are. aphyric to weakly phyric; the other three samples are strongly olivine phyric (22-24 vol%) . Two of the olivine-rich sample! have reversely zoned olivines, probably caused by magma mixing.
(cpx) grains in rocks from each of the main rock types to determine the compositional range of cpx in Loihi rocks, to evaluate the role of magma mixing in some of these lavas, and to facilitate crystal fractionation modeling. The east flank cpx are strongly zoned augites, which overlap in composition among the different rock groups. The normally zoned grains become richer in Fe, Ti, Al and Na and poorer in Si, Mg and Cr towards the rim. High Ti and Al contents are normally associated with cpx from alkalic lavas (e.g. Dobosi, 1989 ) but some Loihi tholeiites have cpx with high Ti and Al content rims (up to 30 wt% TiO 2 and 9.8 wt% A1 2 O 3 . This may result from rapid cooling which promotes disequilibrium crystallization (e.g. Allegre et al., 1981) . Samples 186-11 and 186-5 contain reversely zoned cpx and olivine grains. The cores of the east flank cpx are more MgO rich than those previously reported for other Loihi lavas. Previous studies did not report rim compositions.
Plagioclase
Loihi lavas rarely contain plagioclase (Table 1) . No plagioclase analyses had been reported previously for Loihi lavas. Analyses reported here are for three relatively evolved Loihi rocks: a tholeiite, an alkalic basalt and a hawaiite. The hawaiite has small phenocrysts of plagioclase (0-5-0-7 mm long); the other two rocks have only small microphenocrysts (0-1-0-3 mm). The tholeiite has somewhat more anorthitic plagioclase cores than does the hawaiite (An 7 1-3-69.4 vs An 69 .3_ 57 . 4 ); the alkalic basalt has the lowest anorthitic cores (An53.4-^.7.i). The FeO contents of these plagioclase grains are high (0-64-1-13 wt%), as they are in most Hawaiian basalts (Fodor etal., 1975) .
Spinels
All of the samples studied contain Cr-rich spinels; the hawaiites also contain Ti-magnetite in the matrix ( Table 2 ). The spinels in the alkalic and tholeiitic basalts overlap in composition; both have spinels with high Cr (39-48 wt% Cr 2 O 3 ) and moderate TiO 2 (1-4-3-8 wt%) contents. The basanitoid spinels contain higher Ti and Fe and lower Cr contents. These results are similar to those reported by Hawkins & Melchior (1983) and Clague (1988) for spinels from other Loihi lavas.
MAJOR ELEMENTS
The glasses, from 28 east flank pillow lavas, a dike and a hyaloclastite, span a wide range in composition (e.g. 4-3-9-7 wt% MgO; Table 1 ), including the most MgO-rich (9-7 wt%) and alkali-rich (6-45 wt%) glasses yet recovered from Loihi. The glass composition range for this suite is greater than that reported for the data sets from the ALVIN-collected glasses from the summit portion of the volcano and the dredge suite taken from many different areas on Loihi (Moore et al., 1982) . In particular, the east flank suite contains a higher percentage of alkali-rich glasses than do the other two glass suites (Fig. 4) . For a few of the east flank evolved glasses the totals for the major element analyses may seem low (<99-0 wt%) but this reflects the presence of volatiles in these submarine quenched glasses, which can be up to 1-4 wt% in evolved Loihi alkalic glasses (Byers et al., 1985) . The east flank glasses can be subdivided into four distinct rock types based on their SiO 2 and alkali contents (Fig. 4) : tholeiitic basalt, alkalic basalt, hawaiite and basanitoid" (no modal nepheline has been observed in any Loihi lava). The tholeiitic basalts were recovered from depths between 1080 and 1900 mbsl, although only one is from deeper than 1600 mbsl. Several of the deeper tholeiitic lavas have low SiO 2 contents (47-5-48-5 wt%), are weakly hypersthene normative, and plot nearer the alkalictholeiitic divide of Macdonald & Katsura (1964) ; these are designated 'transitional basalts', a term which has been used in the past for similar Loihi basalts (Moore et al., 1982) . The other tholeiitic glasses are strongly hypersthene-normative (15-19%). Alkalic basalts were recovered only in the deeper portions of the east flank (> 1350 mbsl). Hawaiites were found throughout the section (1800-1120 mbsl) as were the basanitoids (1270 and 1925 mbsl). Thus, all four of the main rock types were coeval throughout most of the east flank section. The Loihi east flank alkalic glasses form relatively coherent trends on MgO variation diagrams (Fig.  5 ). TiO 2 , P 2 O 5 , Na 2 O and K 2 O contents increase with decreasing MgO; AI2O3 and FeO contents increase with decreasing MgO except for some of the low-MgO samples. The tholeiitic glasses range widely in CaO and K 2 O at the same MgO content, which is probably related to multiple parent magma compositions. The Loihi glasses have high CaO contents compared with other Hawaiian lavas (Fig.  5) . Although most of the east flank lavas do not contain clinopyroxene phenocrysts, the CaO/Al 2 O3 ratio of the glasses decreases with decreasing MgO for samples with <8 wt% MgO.
A representative group of whole-rock samples was analyzed by XRF to evaluate whole-rock compositional variations, to fill gaps in the database for glass-free samples, and to determine if any of the olivine-rich rocks represent possible parental magmas. All of the samples are fresh, except 187-3, which has a high loss-on-ignition value (3-46 wt%) and calcite lining some vesicles. The new whole-rock analyses extend the range of the glass data to both higher and lower MgO contents (3-4-25-2 wt%; see Table 4 ). At a given MgO content, the concentration of the major oxides are similar for whole-rock and glass analyses. The low-MgO whole-rock samples (186-12 and 158-8) are aphyric hawaiites that do not have glassy pillow rims.
The olivine-rich rocks have much higher MgO contents than do their coexisting glasses (e.g. 187-1; 25-2 vs 9-7 wt%). These rocks probably have accumulated olivine because they plot below the equilibrium field (i.e. olivine in these samples has too low a forsterite content to be in equilibrium with their bulk rock composition; Fig. 5 ) and they contain abundant olivine (22-24 vol. %). The apparent amount of olivine accumulation (distance from the equilibrium field) varies greatly for these samples despite their similar amounts of olivine phenocrysts. However, the presence of reversely zoned olivines in the two samples closest to the equilibrium field indicates that these two rocks also have experienced mixing with more evolved magmas. Two of the other samples plot within the equilibrium field, which is not surprising given that they contain sparse phenocrystic olivine (<01-02 vol. %).
TRACE ELEMENTS
Loihi east flank glasses have a wide range in concentrations of incompatible elements (Table 3) . Enrichment factors for the more incompatible elements range from 6-2 to 3-5 (in decreasing order from Cs, Ba = Rb, Th = Nb, La, Pb, Ta, to Ce). Plots of these elements for the east flank and summit glasses [data from Garcia et al. (1993) ] define linear trends that project through the origin (Fig. 6a) . Plots of the ratio of a highly incompatible element over a moderately incompatible element versus a highly incompatible element for these glasses display wide variations that could be attributed to varying degrees of partial melting of a geochemically homogeneous source, with variable amounts of crystal fractionation, or to a heterogeneous source (Fig. 6b) . Plots of two ratios of highly over moderately incompatible trace elements define linear trends with the tholeiitic glasses having lower values than the alkalic glasses ( Fig. 7a and b) , which implies that if the source was heterogeneous, it consisted of at least two they were derived from a common source or from very similar sources. The REE patterns of the east flank suite of Loihi glasses are smooth (Fig. 8 ) and similar to those of published Loihi whole-rock and glass samples (Frey & Clague, 1983; Garcia et al., 1993) . The concentrations of the REE increase with decreasing MgO content. Many of the REE patterns cross and most of the mafic basalts have similar heavy REE contents (Fig. 8) . These features are thought to reflect the presence of residual garnet in the source (e.g. Frey & Clague, 1983) . The REE patterns for the tholeiites are kinked at Eu and they have small positive Eu anomalies (Fig. 8) . Positive Eu anomalies were also observed in tholeiites from Kilauea and Lanai (West et al., 1992) and thus may be characteristic of one of the source components of Hawaiian magmas. The transitional lavas have somewhat steeper patterns than do the tholeiites (La/Yb ratios of 6-9-8-6 vs 53-6-8). Among the alkaiic glasses, the REE patterns vary from moderately steep (La/Yb ratios of 8-5-1O8) to steep slopes (La/Yb ratios of 13-17). There is no correlation between relative light REE enrichment and either REE concentrations or MgO contents among these samples. There is an overall inverse correlation between the degree of silica saturation (as indicated by normative hypersthene or nepheline content) and La/Yb ratios. The tholeiites (15-20% hypersthene) have the lowest ratios and the basanitoids (8-15% nepheline) have the highest ratios, although there is considerable variation within each rock type (Table 3) .
The XRF, whole-rock trace element data for the east flank lavas display wide ranges in compatible element concentration (Cr, Co, Cu and Ni) that Fig. 3. (a) and (b) , plots of highly over moderately incompatible element ratios. The Loihi glasses show an overall increase in the ratios of the highly incompatible over moderately incompatible trace elements with decreasing degree of silica saturation (tholeiite to basanitoid), although each rock group displays a wide range, (c) Plot of highly incompatible clement ratios. The strong overlap in these ratios for the alkaiic and tholeiitic glasses indicates that they were derived from compositionally similar sources.
distinct components. Ratios of highly incompatible elements span moderate ranges but the fields for the alkaiic and tholeiitic glasses overlap substantially (Fig. 7c) . The variation of these ratios is beyond analytical uncertainty, although the larger range for the tholeiites in Fig. 7c may be due to the greater relative analytical error for these elements because of their lower concentrations. The overlap of these ratios for tholeiitic and alkaiic lavas implies that correlate positively with whole-rock MgO contents (see Table 4 ). All of the other elements behave incompatibly except Sc in the hawaiites. Sr and V are positively correlated with highly incompatible elements, which indicates that plagioclase and magnetite fractionation were minor in these lavas.
Sr, Nd, Pb ISOTOPE RATIOS
Eight glasses from the east flank of Loihi (three tholeiites, one transitional basalt, two alkalic basalts and two basanitoids) were analyzed for Pb, Sr and Nd isotope ratios (Table 5) . Samples were selected to complement the summit suite of isotopic analyses and to evaluate the temporal isotopic variation of Loihi lavas. The overall ranges in Nd and Sr isotopic compositions for the east flank lavas are significant and extend the Loihi field to slightly lower 143 Nd/ 144 Nd values (Fig. 9a) . There is nearly complete overlap between the east flank tholeiitic and alkalic glasses in 143 Nd/ 1+4 Nd, although the tholeiites have somewhat higher 87 Sr/ 86 Sr ratios (Fig. 9a) . However, if the Loihi summit samples are included in this comparison (they were analyzed in the same laboratory and were collected ~2 km from the east flank), there is substantial overlap in Sr isotope ratios for the two rock types (Fig. 9a) .
Loihi east flank Pb isotopic data indicate similar relationships between the different rock types to those shown by Nd and Sr isotopes. In general, the east flank tholeiites have slightly higher ^0 6 Pb/ 204 Pb ratios than do the east flank alkalic lavas, although these differences disappear when the Loihi summit samples are included (Fig. 9b and c) . If all the Loihi isotope data are considered, there is no correlation of Pb isotopes with Sr or Nd isotopic ratios. This lack of correlation between Pb isotopes and Sr and Nd isotopes has been noted in previous studies of Loihi VOLUME M NUMBER B DECEMISEK 1995 lavas (Staudigel et al., 1984; Garcia et al., 1993) . There is a strong inverse correlation between some highly incompatible trace element ratios (e.g. Rb/Th and Ba/Nb) and 87 Sr/ 86 Sr ratios but no significant correlation exists for the other isotopes.
TEMPORAL GEOCHEMICAL VARIATION OF LOIHI VOLCANO LAVAS Rock type variation
Alkalic and tholeiitic volcanism on Loihi have been coeval, based on the samples from the east flank suite and those recovered from the summit pit craters. The summit pit crater sections, which represent the most recent volcanism on Loihi , are dominated by tholeiites (~90%), with alkalic lavas found in both the oldest and youngest parts. In the east flank composite section, there is systematic variation in the proportion of rock types with depth. At >1450 mbsl, 88% of the samples are alkalic (14 of 16). Above 1450 mbsl, 57% of the lavas are tholeiitic basalts (8 of 14), although the deeper samples in this interval are transitional basalts (i.e. weakly hypersthene normative). The combined results of these two stratigraphic oriented studies clearly demonstrate a systematic temporal change in the rock types erupted at Loihi (Fig. 10) .
Two features of the rock-type variation are noteworthy. Any central, shallow magma reservoir that might have existed within Loihi must have been small enough to allow rapid changes in rock type. This situation may have changed recently because most of the flows collected in the summit pit craters are tholeiitic; the rare, young alkalic lavas from the summit area were all collected from its margins. Thus, although alkalic magmas apparently are still being produced at Loihi, they are now erupted only on the flanks of the volcano, when they bypass the shallow summit reservoir. The presence of a shallow summit magma reservoir would also explain the limited major element variation of the tholeiites. The transition from dominantly alkalic to tholeiitic volcanism occurred relatively rapidly (i.e. over a 100-200 m interval). What does this change tell us about the melting processes that generated these magmas? Recent high-pressure diamond aggregate experiments seem to indicate that the degree of silica saturation of mantle melts is sensitive to small changes in temperature. Hirose & Kushiro (1993) found that for a Kilbourne Hole lherzolite at constant pressure (30 kbar), a 25°C temperature increase was sufficient to change the melts from 2% normative neptheline to 13% normative hypersthene. This variation in silica saturation is identical to that observed for the lavas from the transition zone (1200-1400 mbsl). An increase in the melting temperature for Loihi magmas would be expected as the volcano drifts closer to the focus of the Hawaiian hotspot. If the east flank section formed over 100-150 k.y., then the time represented by the transition zone where the lava changed from predominantly alkalic to tholeiitic probably was only 10-30 k.y.
How does the alkalic to tholeiitic transition of the preshield stage compare with the well-studied tholeiitic to alkalic transition of the post-shield stage? On Mauna Kea and Haleakala, the studied transition sections are on the wet, windward side where erosion is greatest. These sections are relatively thin (100-220 m) and include lavas that are mildly altered Chen et al., 1991) , which complicates classification of some of these lavas. Nonetheless, it is clear that these sections have tholeiitic and transitional lavas at their base and grade upward into alkalic lavas with substantial interfingering of the different rock types. K-Ar ages constrain the duration of the transition for Mauna Kea to be < 100 k.y. (Wolfe et al., 1995) . For Haleakala Volcano, K-Ar ages and paleomagnetic data constrain the transition to be <25k.y. (Chenetal., 1991) . Thus, the duration of the tholeiite to alkalic transitions during the preshield (10-30 k.y.) and post-shield stages (<25 k.y.) of Hawaiian volcanism are remarkably similar and apparently involve a rapid but fitful change in rock type as the volcano drifts towards or away from the focus of the hotspot.
Our results support the hypothesis of Moore et al. (1982) that early volcanism at Loihi was alkalic and that it has been in a transitional period between early alkalic volcanism, typifying the pre-shield stage, and tholeiitic volcanism of the shield-building stage. The overwhelming dominance of tholeiitic over alkalic compositions in the youngest Loihi lavas from the summit and the east flank sections indicates that Loihi is nearing the end of this transitional period.
Isotopic variation
There is no systematic temporal variation in isotope ratios for the composite Loihi section (Fig. 11) Pb ratios for Loihi. Furthermore, there is no correlation between isotopic ratios and depth for any of the rock types. The apparent lack of correlation between isotopic composition and rock type for the east flank section was also noted for dredged Loihi lavas (Staudigel et al., 1984) and is now based on analyses of over 30 samples. The ranges for Sr, Nd and Pb isotope ratios for Loihi are significant compared with those for other Hawaiian volcanoes, although none are as well characterized isotopically (Fig. 9) . Thus, the coeval Loihi alkalic and tholeiitic lavas were probably derived from a common, although somewhat heterogeneous, source.
GEOCHEMICAL MODELING

Crystal fractionation modeling
The east flank lavas are compositionally diverse even within a single rock type. It is extremely unlikely that any of these lavas are directly related to each other given the reconnaissance nature of our sam- pling program. Nonetheless, the first step in understanding the major element variation of these lavas is to evaluate the potential role of crystal fractionation. Least-squares calculations were made using minerals from the same or similar rocks. The variation in major elements among the glasses from each east flank rock type can be explained largely by crystal fractionation of the observed minerals (Table 2) , based on the low total residuals from these calculations (ER =0-12 or less and within 4<r of the analytical error for each element; see Table 6 ). The compositional variation among the tholeiitic glasses (7-8-6-5 wt% MgO) can be explained by fractionation of clinopyroxene with minor plagioclase and olivine. The transitional lava glasses have a similar compositional range (7-4-6-3 wt% MgO) and can be explained by fractionation of the same minerals (Table 6 ).
The modeling of the alkalic glasses was subdivided into three steps because they span a wide compositional range (9-7-4-7 wt% MgO). For each step, glasses with similar La/Yb ratios were compared to minimize the effects of variable amounts of partial melting. The mafic glasses can be related by fractionation of olivine with minor clinopyroxene; the intermediate glasses can be related by clinopyroxene fractionation only (Table 6 ). The solution for the step from evolved alkalic basalt to hawaiites requires plagioclase, magnetite and minor olivine fractionation in addition to clinopyroxene (Table 6 ).
The minerals required in these solutions are consistent with those observed in the rocks, although the proportion of clinopyroxene to olivine in the solutions is much greater than observed. This apparent paradox can be resolved by recalling that most of these samples are aphyric (<1 vol. % phenocrysts). Thus, most of the fractionating minerals must have been removed from these lavas before their eruption. This may be a result of crystallization along the walls of the magma reservoir or the magma conduit, followed by the extraction of the crystal-poor, lowdensity melt during eruption (e.g. Marsh, 1989) . Clinopyroxene was also found to have played a dominant role in controlling the Haleakala postshield alkalic lava compositions (Chen et al., 1990) . The depth of fractionation of the Loihi hawaiites can be indirectly inferred from their composition. They are compositionally similar to the low-pressure hawaiites from Haleakala (see Chen et al., 1990) but have lower SiO 2 , AI2O3 and FeO, and higher TiO 2 and CaO than do the hawaiites from the Mauna Kea post-shield stage, which formed by moderate pressure (5-6 kbar) clinopyroxene-dominated fractionation (see West et al., 1988) . Thus, these Loihi alkalic magmas may have been stored tem- The MgO content of the parent and daughter glasses and the volume percent of minerals fractionated are listed for each solution. Mineral compositions are from Table 2 . 'Values in parentheses are maximum analytical error for two analyses (4a).
porarily at relatively shallow depths (<10 km), which is consistent with the presence of cumulate dunite xenoliths in some Loihi alkalic lavas (Clague, 1988) . Although the crystal fractionation models explain the major element variations well, they fail to explain some incompatible trace element variations for the evolved alkalic lavas. Several factors contribute to this problem, including the wide spacing of our sampling on only one side of the volcano which hindered our chances of collecting parent-daughter pairs, especially with the rapid changes in magma composition that Loihi has experienced, and the source heterogeneity (Fig. 9) . Thus, although our modeling results indicate that crystal fractionation could play an important role in controlling compositional variation among glasses from each rock group, other processes are important. In the next section, we attempt to evaluate whether the incompatible trace element differences between lavas from the different rock groups with similar isotopic ratios can be related by variable degrees of partial melting.
ORIGIN OF LOIHI'S COEVAL THOLEIITIC AND ALKALIC MAGMAS
The ranges in Sr, Nd and Pb isotopic ratios for Loihi lavas are substantial but there is no systematic difference in isotopic composition between Loihi alkalic and tholeiitic glasses (Fig. 9) . This is consistent with the derivation of all of the rock types from a common but somewhat heterogeneous source. This interpretation is supported by ratios of highly incompatible elements, which are sensitive to source heterogeneities but are relatively unaffected by variations in the degree of partial melting (except at very small degrees of melting; i.e. <1%) or by moderate levels of crystal fractionation of the observed phases (olivine, clinopyroxene, plagioclase or spinel). Ratios of highly incompatible elements for east flank tholeiitic and alkalic glasses overlap (see Fig. 7 ), indicating that these lavas were derived from a common but heterogeneous source.
If the tholeiitic and alkalic lavas were derived from the same source, two potential mechanisms could explain their relationship: high-pressure fractionation involving a dominant cpx component, and variable degrees of partial melting. A simple test to evaluate these alternatives is to plot ratios of a highly incompatible element over a moderately incompatible element. These ratios are sensitive to variable degrees of melting but are relatively unaffected by fractional crystallization of the observed phenocryst phases. Plots of these ratios for Loihi glasses tend to define linear trends with the tholeiites displaying systematically lower ratios than the alkalic lavas (see Fig. 6 ). The systematic differences in these trace element ratios between Loihi tholeiitic and alkalic basalts cannot be explained by clinopyroxene fractionation. Furthermore, there is no systematic difference in the Sc contents of the crystal-poor tholeiitic and the more mafic alkalic lavas (Table 4) . Thus, there is no compelling evidence for the cpxfractionation model. The trends on these plots are consistent with a partial melting hypothesis; namely, the tholeiites were produced by greater extents of partial melting than were the alkalic lavas.
Partial melting modeling
To test the partial melting hypothesis, a Loihi tholeiitic primary magma composition was calculated and, from this, potential Loihi source compositions were determined, assuming various partial melting models. These sources were then melted to various percentages and the resultant melt compositions compared with the calculated transitional and alkalic basalt primary magma compositions. This comparison provides a means of assessing whether or not the trace element compositions of the Loihi alkalic and transitional basalts could have been produced by smaller degrees of partial melting of the same source that produced the tholeiites.
The first step in this procedure was to select tholeiitic, transitional and alkalic glasses that probably had experienced only olivine (+ Cr-spinel) fractionation (none of the basanitoids met this constraint). Next, among these samples, isotopically similar glasses were chosen (none are identical). The glass major element compositions were normalized to 16 wt% MgO (a reasonable primary magma composition for Hawaiian basalts; Eggins, 1992) by addition of equilibrium olivine (assuming a Kjy for Fe-Mg of 0-30; Roeder & Emslie, 1970) and fixed composition Cr-spinel (from sample 158-9; Table 2) in minute increments (e.g. 1451 increments were used for sample 1804-1). The proportion of olivine to Cr-spinel used in the calculation was 98-5 to 1-5, which is the observed average proportion for Kilauea basalts (Wright, 1971) . The incompatible element concentrations (Rb, K, Th, Nb, Ta, REE; Hf and Y) in these primary magmas were calculated assuming they were completely incompatible (i.e. bulk distribution coefficient zero). These results are summarized in Table 7 .
A Loihi tholciite primary magma composition was used to calculate potential source compositions for different types of partial melting (e.g. equilibrium melting, incremental melting, modal and nonmodal melting) of a garnet peridotite source, assuming the primary magma was generated by 1-25% partial melting. These source compositions were then melted to various percentages (1-25%). Figure 12 illustrates the results for the best-fit model, a 10% melt of the source. The incompatible element compositions of the resultant melts were compared with primary magma compositions calculated for representative transitional and alkalic basalts using the same rationale and method as used for the tholeiite primary magma. The calculated Loihi transitional and 
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All iron was recalculated, assuming an Fe 2+ /(Fe 2+ +Fe 3+ ) ratio of 0-90 for the tholeihe and transitional basalt and a ratio of 0-85 for the alkalic basalt alkalic basalt primary magmas have incompatible compositions that are remarkably similar to the composition of melts produced by 6-9% partial melting of the tholeiitic source. These results provide supporting evidence that Loihi tholeiite and alkalic basalts could have been derived from a common source by different degrees of partial melting.
These results conflict with those of Watson (1993) , who used REE data to argue that Loihi basanitoids were derived from a depleted source (i.e. MORB) and that the tholeiites were from a primitive source. Pb, Sr and Nd isotopic data for the samples used in the Watson (1993) study [from Staudigel et al. (1984) ], like those presented above, clearly demonstrate that Loihi tholeiitic and basanitoid lavas were derived from similar but depleted sources. Thus, there is no evidence for a change in source composition during the transition from alkalic to tholeiitic magmatism on Loihi.
Our interpretation is consistent with the explanation for the tholeiite to alkalic transition on Mauna Kea, where tholeiitic and alkalic lavas have similar ratios of highly incompatible trace elements and Pb, Sr and Nd isotopes but have distinct ratios of highly to moderately incompatible elements . The geochemistry of these Mauna Kea lavas was explained by variable but progressively decreasing amounts of partial melting caused by the volcano migrating away from the hotspot . The reverse model applies to Loihi. The degree of partial melting at Loihi increased upsection, reflecting the drift of the volcano towards the focus of the hotspot.
SIMILARITY OF LOIHI AND KILAUEA PRIMARY MAGMAS
Loihi and Kilauea magmas are being generated simultaneously from the Hawaiian hotspot. Some of the lavas from these volcanoes have similar isotopic and highly incompatible trace element ratios ( Fig. 9 ; Garcia et al., 1993) . Could recent tholeiites from these two adjacent volcanoes have been derived from similar parental magmas by variable amounts of highpressure crystal fractionation? New high-pressure experimental work on a potential Kilauea primary magma composition has shown that subcalcic clinopyroxene is a liquidus phase at high pressure (>25 kbar), orthopyroxene is a liquidus or near-liquidus phase replacing clinopyroxene at intermediate pressures (15-25 kbar) and olivine is the dominant or sole liquidus phase below 15 kbar (Eggins, 1992) .
We calculated primary magma compositions using a procedure similar to that of Eggins (1992;  see description in partial melting modeling section) for Loihi east flank high-MgO dioleiitic glasses (that do not contain modal cpx and are unlikely to have experienced low-pressure cpx fractionation) and weakly olivine-phyric historical lavas from Kilauea. The resulting Loihi 'primary' magmas overlap with those from Kilauea, although the Kilauea primary melts tend to contain higher SiO 2 and somewhat lower CaO and total iron (Table 8) . Could these differences be accounted for by high-pressure pyroxene fractionation? We used die pyroxene compositions from Eggins' (1992) experiments and olivine and spinel compositions from the Loihi east flank lavas to test this hypothesis. Least-squares approximations yielded very low residuals (<0-04) for deriving Loihi mafic dioleiite glasses from a Kilauea parental magma by fractionation of Fosg olivine, orthopyroxene and minor spinel (Table 9 ). Models with two pyroxenes, ± olivine, and models containing clinopyroxene + garnet yielded high total residuals (E^2>0-4).
Major elements and ratios of trace elements and isotopes are consistent with derivation of at least some of Loihi's tholeiitic lavas from Kilauea primary magmas by high-pressure fractionation of orthopyroxene, followed by low-pressure olivine and spinel fractionation. This model is supported by the presence of rare, orthopyroxene-rich xenoliths that have been reported from post-shield Hawaiian lavas (Jackson et al., 1981) . High-pressure crystallization of Loihi magmas would be a logical consequence of lower magma supply rates because lower rates would promote stagnation of magmas at deeper levels.
An alternative explanation is slightly different pressures of melt segregation for the magmas from the two volcanoes. Recent, high-pressure experimental work has shown that higher SiO2 and lower total iron contents can be explained by lower pressures of melting (Hirose & Kushiro, 1993) . Thus, Kilauea magmas might be derived at slightly lower pressures than those from Loihi. Although this is a somewhat simplified analysis of the nature and causes of compositional differences between Loihi and Kilauea lavas, it does draw attention to their geochemical and isotopic similarities and offers reasonable explanations for their small differences in major element contents.
CONCLUSIONS
Loihi Volcano is the only well-sampled example of the Hawaiian pre-shield stage of volcanism. In our study of stratigraphically controlled samples from the deeply dissected east flank of Loihi, we recovered four main rock types: tholeiitic basalt, alkalic basalt, hawaiite and basanitoid. Pb, Nd and Sr isotopic VOLUME J« NUMBER B DECEMBER I<J95 Table I and Garcia et al. (1993) ratios, and highly incompatible element ratios of these lavas overlap. Thus, these lavas were probably derived from a common, although somewhat heterogeneous source by varying degrees of partial melting (~6-10%), followed by fractionation of olivine ± clinopyroxene ± plagioclase. The hawaiites require additional fractional crystallization of titaniferous magnetite.
There is a systematic change in rock type within our composite Loihi section. The summit region (above 1200 m) is composed primarily of tholeiitic basalts (85%) and has been the focus of recent volcanic activity. Alkalic lavas form an increasingly greater proportion of exposed lavas with increasing depth (>85% below 1450 mbsl). The transition from alkalic to tholeiitic volcanism on Loihi is now essentially complete. Our results are consistent with the melting models proposed by several previous studies of Hawaiian volcanism (e.g. Frey & Clague, 1983; Clague & Dalrymple, 1987; Frey et al., 1990) . These models propose that as the Pacific plate passes over the Hawaiian hotspot, the degree of partial melting in the source region increases until the volcano is centered over the hotspot, which occurs during the shield-building stage. As the volcano moves away from the focus of the hotspot, the extent of partial melting decreases, resulting in the alkalic post-shield stage of volcanism.
